Scientists from Germany (Essen, Bochum, Erlangen) and China (Wuhan, Shanghai) work together in a binational project to combat chronic viral infections, e.g. hepatitis.
Introduction
The fight against viral infections has been the subject of intense research for centuries, given the widespread prevalence of ''traditional viral infections'' (like polio, hepatitis, influenza) and ''modern viral infections'' (like HIV, bird flu, Ebola). In terms of the treatment of an infected patient, a prophylactic vaccination is clearly preferable. Therefore, studies on vaccination constitute a major goal of today's virological and immunological research.
The main goal of a vaccination is to induce a specific immunity with immunological memory against a pathogen in the recipient. The protection should last as long as possible, and the side effects should be as low as possible. Modern vaccination began in the late 18th century with the discovery of smallpox immunization by Edward Jenner. Infection with a non-pathogenic animal pox virus which is closely related to the human smallpox virus protected against the often fatal smallpox disease. 1 Wide-spread and systematic application of this approach even led to eradication of the smallpox virus. Immunization by live, but non-pathogenic viruses also proved to be an efficient way to protect from a number of other viral diseases such as measles, rubella, and polio. In the 20th century techniques for the cultivation of viruses were developed. This allowed a large scale production of viruses. After inactivation, these virus preparations were also successfully used for vaccination against e.g. hepatitis A and influenza. The development of recombinant DNA technologies allowed the development of vaccines against the hepatitis B virus (HBV) and the human papillomavirus (HPV) which cannot be propagated in cell culture. Since HBV infection can lead to liver cancer and HPV can cause cervical cancer, these vaccinations protect not only against infectious diseases, but also against tumor diseases.
In the last years, nanoparticles have been increasingly proposed as part of nanomedicine to selectively stimulate the immune system, both for prophylactic and therapeutic vaccination. [2] [3] [4] [5] [6] [7] [8] They can be prepared in various sizes and loaded with different (bio-)molecules, including targeting moieties like antibodies to specifically address different cell types. 9, 10 This offers new possibilities because several cargo molecules (e.g. stimulatory molecules and antigen) can be delivered at the same time to the same cell, thereby provoking a fine-tuned immune response.
Here we review the progress achieved in the last years in this exciting area.
The human immune system
The adaptive immune system has two arms to control viral infections. First, antibodies produced by B cells are able to prevent viruses from entering a cell and can therefore provide protection from infection. The second arm, cytotoxic CD8 + T cells, can recognize and eliminate virus infected cells and thereby control virus spread in an infected person. To prevent autoimmunity, both arms are controlled by CD4 + T helper cells.
After immunization with a viral antigen, specialized cells of the innate immune system, the dendritic cells, take up the viral antigen and instruct T helper cells that are specific for the viral antigen to provide help for antibody-producing B cells and cytotoxic T cells (Fig. 1) . A fundamental difference between B and T cell responses is that B cells recognize an antigen in its three-dimensional conformation, while T cells only react with small linear fragments of the antigen. These fragments, also called epitopes, are generated by dendritic cells after uptake
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Klaus Überla studied medicine at After the decay of the primary immune response, both memory B and T cells are formed which after a new contact can immediately trigger an immune response with the viral antigen and therefore prevent the proliferation and survival of the virus in the case of a subsequent infection with the same virus (Fig. 1) . The induction of a persistent memory against a virus without creating a harmful ''real'' infection is the main idea of vaccination.
Vaccination strategies
The main aim of today's vaccine research is to develop safe and effective strategies which may include either prophylactic (prior to infection) or therapeutic (in the case of an existing infection) vaccination to combat an infectious disease. 1, 13 Prophylactic vaccination prevents a possible infection after the vaccination. By prophylactic vaccination not only the disease in a given patient is prevented but also the spread of the virus in the population. This can permit a complete eradication of viruses that exclusively infect humans. This goal has almost been achieved for the polio virus, the pathogen of poliomyelitis (polio). 14 Significant challenges remain with respect to the improvement of the efficacy of prophylactic vaccines including the extension of their duration or protection. Notably, due to the success of vaccination, the perception of infectious diseases as a serious threat has declined in the population which reduces the willingness to be vaccinated and endangers the success of immunization programs. The fear of potential side-effects of vaccination and invasive vaccination techniques (like intramuscular injection) contribute to an aversion against vaccination, particularly in children. The development of less invasive atraumatic routes of administration for vaccines is therefore also important to increase the general acceptance of vaccination. Taking into account the global travel activities and potential threats of bioterrorism, it is another objective of current vaccination research to reduce the development time of new vaccines against rapidly spreading pathogens. The outbreak of the Ebola virus in 2014 has impressively demonstrated this necessity.
Although prophylactic vaccination is already being widely applied, the development of therapeutic vaccines against persistent viruses is particularly difficult. Persistent viruses trigger an anti-viral immune response which is not sufficient to entirely eliminate the virus from the body. 15, 16 Therefore, the infection remains (sometimes lifelong). Important human pathogens, such as HIV, hepatitis B and hepatitis C virus (HBV and HCV) and herpes viruses have developed various mechanisms to escape the innate and adaptive immune response (so-called immune escape). 17 A therapeutic vaccination against these virulent diseases must therefore modify an existing anti-viral immune response so that the elimination of the virus despite the viral immune escape is possible. Table 1 lists the currently used methods for immunization against viral infections. Vaccines based on attenuated viruses still allow the replication of the virus in the vaccinated person, but do not lead to a clinically manifest disease. They mimic a natural infection, activating the specific immune system, thereby protecting against a subsequent infection with the same pathogen. Inactivated virus vaccines (for example, after the formaldehyde treatment) contain whole virus particles which are not able to proliferate but still can induce the necessary immune response. The isolation of specific subunits (proteins) from inactivated virus particles leads to subunit vaccines. Alternatively, viral proteins for vaccination can also be produced by recombinant DNA technologies.
Instead to immunize directly with proteins of the virus, either as an entire particle or a subunit protein, is also possible to deliver genes (DNA) encoding one or more viral proteins. These gene-based vaccines consist of either a purified DNA or particles that transport the gene of interest. In both cases, the gene must be taken up by cells of the vaccinated person and be translated into the viral proteins against which the specific immune response is required.
Because soluble proteins generally induce only a weak immune response, it was tried to incorporate the genetically engineered viral proteins into virus-like particles (VLPs). VLPs mimic the parental virus in its protein structure, but are not infectious because the virus genome is present only in fragments or not at all. The particulate structure of the VLPs and the multiple occurrence of the same antigen molecule on the surface of the same VLPs lead to a particularly efficient immune response. 18 In analogy to VLPs, nanoparticles consisting of lipids, polymers or inorganic compounds were also prepared. Nanoparticles are typically functionalized with viral proteins or peptides for immunization and have a size up to several hundred nanometers (see the extended discussion below). Despite substantial progress in understanding the interaction of pathogens with the immune system, there is still an acute need to develop effective and safe vaccines against important viral diseases including AIDS, Ebola and Dengue fever. 19 Because of the lack of treatment options and funding for existing therapies and medical care in developing countries, new inexpensive immunization procedures are of particular urgency. For instance, the unsatisfactory therapeutic approaches to chronic viral hepatitis and to recurrent herpes virus infections in immunosuppressed persons require new immunization methods. For the prophylaxis and therapy of infectious viral and bacterial diarrhea which remains a major cause of mortality in infancy in developing countries, there are no convincing vaccination strategies today. 20 
Adjuvants
An adjuvant is defined as an additive that improves the adaptive immune response or stimulates the innate immune system in such a way that the desired effectors or mediators are efficiently induced (Table 2) . 19, 21 Thereby they enhance the immune response and lead to a successful vaccination. Despite the need for new adjuvants, only very few compounds that have been selected in pre-clinical vaccine studies have been licensed for human use. 22 Table 2 shows a compilation of these vaccine adjuvants.
Aluminium hydroxide (''Alum'') is the most widely used adjuvant which has been used for more than 70 years. It is applied in vaccines against the hepatitis A virus (HAV), the hepatitis B virus (HBV), the human papillomavirus (HPV), diphtheria and tetanus (DT), haemophilus influenza type B (HIB), and pneumococcal conjugates. Alum increases the antigen uptake and stability at the site of injection. [23] [24] [25] A disadvantage of alum is a poor induction of a protective Th-1-associated immune response which is crucial for the development of vaccines against intracellular pathogens. Li et al. showed that by reducing the particle size of the traditional aluminum hydroxide adjuvant from micrometer to nanometer scale, the nanoparticles induced a stronger antigen-specific antibody response. 26 Sun et al. demonstrated that shape, crystallinity and hydroxide content of aluminum oxyhydroxide (AlOOH) nanoparticles play an important role in NLRP3 inflammasome activation. They showed that the AlOOH nanorods with the highest hydroxide content and the lowest crystallinity were the most efficient ones in comparison to commercial Alum. 27 Wang et al. developed phospholipid bilayer-coated aluminum nanoparticles which induced a mixed Th1/Th2 immunoresponse to establish humoral, cellular and even mucosal immunity to the corresponding antigen in mice.
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The Poly(I:C) is a mimic of viral double-stranded (ds)RNA and a promising adjuvant for vaccines directed against viral pathogens. Poly(I:C) is a ligand for TLR3 which is located in the membrane of the endosomal compartments of most antigen presenting cells and also stimulates RIG-I-like-receptors. 36 We have recently compared the effects of poly(I:C) and the oligonucleotide CpG (TLR9 ligand) in nanoparticulate formulations. 37 Saponins are glycosylated natural products isolated from plants which are used as adjuvants in vaccines. Saponins are embedded into ISCOMs (immune stimulating complexes) which are used for viral envelope proteins of herpes simplex virus type 1, HBV and influenza. ISCOMs are supramolecular aggregates of cholesterol, phospholipids and saponin. 38 Adjuvants allow to reduce the necessary amount of vaccine antigen by increasing the immune reaction of the body. This accelerates the development of vaccines against pandemic pathogens and can decrease the cost of vaccine production. Also, an adjuvant can improve the efficiency of vaccines by influencing the type of immune response. However, there are indications that with a particular combination of an adjuvant and a vaccine antigen under a certain genetic disposition, autoimmune side effects may occur. 39 This depends on the antigen-adjuvants combination, therefore each combination must be assessed separately in a risk-benefit analysis. 39 
Administration routes for vaccination
Potential advantages and disadvantages of different routes of vaccine administration are given in Table 3 . The typical vaccination methods include an intramuscular or a subcutaneous injection which triggers a systemic immune response. Mucosal administration of vaccines (via the mucous membranes of the respiratory tract, the gastrointestinal tract or the genital tract) is a comparatively new approach to induce a local and systemic immunity. [61] [62] [63] These local immune responses in the mucous membranes should efficiently prevent the penetration of the pathogen. Examples include the local protection in the mucous membranes of the lungs against the TBC pathogen or a specific protection against an HIV infection in the genital mucosa. 64, 65 The administration of vaccines via the mucous membranes also has the advantage that the vaccines are taken up atraumatically (i.e. without injection). The very high patient compliancy of oral vaccination against polio is a good example for this convenient method. Needle-free transcutaneous methods such as patches, coated with a vaccine and used by the patient himself are recent developments (Fig. 2) 66 which may increase the acceptance of vaccination by patients in the future. However, efficiency, stability, dosage and possible side effects, must all be quantitatively investigated before these routes of vaccination can be clinically applied on a routine basis. Therefore, there is a need for new vaccines that can be administered in different ways and that show a prolonged release of antigen at the site of administration. It should also be pointed out that not all vaccination methods which are applied in experimental animal studies will be finally applicable to patients (e.g. an intraperitoneal injection).
In general, the route of vaccine administration is a critical factor for success of the immunization, as active biomolecules have to be transported from the site of entry to the part of the body where their action should take place. 67 
Nanoparticulate systems for vaccination
Nanoscopic systems have a large potential in biomedicine and in immunology. 22, 44, 68, 69 Fig. 3 compares the sizes of the units that are relevant for vaccination: An influenza virus has a diameter of approximately 100 nm, calcium phosphate nanoparticles have a diameter in the range of about 150 nm, antigen-presenting cells of the immune system (for example, a dendritic cell) and specific T cells have a diameter of a few micrometers. This comparison illustrates very nicely that relatively small viruses are able to attack large cells, but also that nanoparticles are small enough to be efficiently taken up by cells (typically by endocytosis and related processes). [70] [71] [72] [73] [74] It must be noted, however, that the calcium Table 4 summarizes the currently used nanoparticulate systems. Virus-like particles (VLPs) have a diameter in the range of 20-150 nm and, as described above, consist of a self-assembled viral envelope and/or capsid proteins of viruses. 95, 96 In many cases, such VLPs have structural features and an antigenicity similar to the original virus, but are not infectious because they lack its replication ability. 97 Polysaccharides or small organic molecules may be chemically linked to the surface of VLPs to enhance the immune response. [98] [99] [100] The advantage of VLPs is that they are able to induce both a strong humoral (antibodies) and a cellular immune response. 101, 102 Some prophylactic VLP-based vaccines are currently commercially available, e.g. against HBV and HPV. 32 Other VLP-based vaccine candidates are currently in clinical trials, e.g. against influenza or parvoviruses. 95 Evans et al. reported the production of VLPs of the L1 protein of HPV which induced strong B and T cell responses. 103 Olsson et al. developed a prophylactic VLP vaccine against HPV types 6/11/16/18 L1 and showed the induction of long-term immunological memory. 104 VLPs are also promising vaccine candidates against the influenza virus. 105 Quan et al. developed
VLPs which consist of influenza virus proteins A/PR8/34 (H1N1), hemagglutinin (HA), and matrix proteins M1 and showed that after intranasal immunization, the induction of serum and mucosal antibody titers with neutralizing activity occurred against PR8 and A/WSN/33 (H1N1) viruses. 84 Pushko et al. reported a new VLP platform which contained the three hemagglutinin (HA) subtypes of H5N1, H7N2 and H2N3-influenza viruses and showed the protective properties of such nanoparticles. 106 VLPs have also been proposed for vaccination against HIV. 107, 108 Liposomes are self-assembled structures of a surfactant bilayer (usually phospholipids) with an aqueous core. By the hydrophilic character of the inner and outer side they can easily transport water-soluble molecules in the body. 109 Burke et al.
showed how a liposomal formulation can be used for the transport of the diphtheria toxin and the adjuvant poly(I:C) during the immunization. 110 Mishra et al. used subcutaneously administered lipid nanoparticles as carriers for the vaccination Nanoparticles made of natural and synthetic polymers are very promising for medical research as they can be very well covalently functionalized on the surface. [114] [115] [116] [117] They can be used as carriers of vaccines (inside the particle), as well as for the presentation of vaccines (on the surface). In nanomedicine, synthetic polyesters, such as polylactic acid (polylactide) (PLA), [118] [119] [120] and related copolymers, such as poly (lactide-co-glycolide) (PLGA) [121] [122] [123] [124] have been used in the form of microparticles and nanoparticles for the transport and release of bioactive molecules. They have several advantages, mainly their non-toxic degradation products (lactic acid or glycolic acid), the biodegradability which can be adjusted by the polymer composition, and last but not least, the approval by the FDA as biomaterial. 116, [125] [126] [127] PLGA-particles can carry all kinds of biomolecules and synthetic drugs, including proteins, peptides, DNA, and oligonucleotides. 123, [128] [129] [130] [131] [132] In immunology, PLGA particles were used as a delivery systems for several vaccines, containing a protein antigen or plasmid DNA. 121, 133, 134 Ma et al. reported that PLGA nanoparticles loaded with tumour antigen peptides induced a strong cytotoxic T cell response (CTL) in vivo. 124 Fischer et al.
demonstrated the induction of the cellular immune response by PLGA particles, which were loaded with a CTL restricted peptide antigen and a CpG oligonucleotide (TLR9 Ligand), as an adjuvant. These PLGA particles induced a significant CTL immune response in mice 6 days after the immunization. 123 PLGA particles were also investigated several times for immunization against HBV. covalently functionalized nanoparticles of synthetic polymers can be used to stimulate primary dendritic cells. 137, 138 Natural polymers like chitosan are also applied in immunization. Chitosan is a naturally occurring polysaccharide, biodegradable and non-toxic. [139] [140] [141] [142] Seferian et al. showed the immune-stimulatory effect of chitosan nanoparticles through the activation of macrophages. 143 It has been also reported that antigen-loaded chitosan nanoparticles can induce a significant serum IgG response in vivo by intranasal administration and that animals were protected against the corresponding viruses. Furthermore, the intranasal administration of chitosan nanoparticles was also tested against the influenza virus in humans. 90, 144 Inorganic nanoparticles are ''harder'' than surfactant-or polymer-based systems. Inorganic nanoparticles like gold, silica, and calcium phosphate have been used for the immunization. They have several advantages compared to organic nanoparticles. Inorganic nanoparticles are usually non-toxic, not sensitive to microbial or hydrolytic degradation and therefore easy to store. They can often be conveniently produced from inorganic precursors and covalently functionalized with different molecules (Table 4) . Consequently, they were used as antigen delivery systems for a variety of biomedical applications. [145] [146] [147] Gold nanoparticles are non-biodegradable materials. For decades, gold nanoparticles have been studied for biomedical applications. They can be easily synthesized and also covalently functionalized (typically by conjugating thiol-functionalized molecules), therefore they can carry many types of molecules, like antibodies, nucleic acids or proteins. 76, [148] [149] [150] Gold nanoparticles with the size of 2-50 nm are used, for example, for the transport of biomolecules, 92, 151, 152 for tumour thermotherapy, 153 as cytostatic agent and as contrast agent. 154 However, with a functionalization on the surface, the biomolecules have no protection against degradation, e.g. by hydrolysis or enzymes like nucleases or proteases. Tao et al. developed an influenza vaccine by conjugation of an extracellular region of the matrix 2-protein (M2e) of the influenza A virus to the surface of gold nanoparticles, and tested them in a mouse influenza model. They showed that intranasal immunization of mice with M2e-gold conjugates induced the production of M2e-specific IgG serum antibodies. 93 Calcium phosphate nanoparticles are suitable carriers for biomolecules [155] [156] [157] [158] as they can transport many molecules across the cell membrane. 159, 160 If they are prepared in a multishell way, they can protect an encapsulated cargo of biomolecules against enzymatic degradation. 161, 162 Calcium phosphate dissolves at a low pH (about 5) in the lysosomes within the cell, so that the entrapped active biomolecules are released. 163, 164 Calcium phosphate was also proposed as adjuvant due to an immunostimulatory effect on its own. 33, 165 Calcium phosphate nanoparticles can be used as delivery systems for immunoactive oligonucleotides to activate dendritic cells (Fig. 4) . The immunostimulatory effect of calcium phosphate nanoparticles on dendritic cells was detected by the enhanced expression of co-stimulatory molecules (MHC II) and the secretion of cytokines in vitro.
166,167
We have recently reported about a novel immunization approach with calcium phosphate nanoparticles that can serve as delivery system for a TLR9 ligand (CpG) and a viral antigen from the influenza A virus (hemagglutinin). Functionalized calcium phosphate nanoparticles were effectively taken up by dendritic cells in vivo and induced a strong immune response in immunized mice, based on high numbers of IFN-g-producing antigen-specific CD4 + and CD8 + T cells (Fig. 5) . By this, we were able to achieve a potent T cell-mediated protection against influenza. 91 In addition, we could show that calcium phosphate nanoparticles, functionalized with CpG and retroviral T cell epitopes are an excellent vaccination tool against acute and chronic retroviral infection. A one shot-shot immunization of chronically retrovirus infected mice efficiently reactivated effector T cells which led to a significant decrease in viral loads (Fig. 6) . 9 We identified a clear correlation between the percentage of CD8 + effector T cells and the viral loads: more CD8 + effector T cells in the spleen were correlated with lower viral loads. This demonstrates that an immunization with antigen/adjuvantfunctionalized calcium phosphate nanoparticles is a very efficient method for the induction or reactivation of retrovirusspecific T cell responses, and that they represent a promising approach to improve antiretroviral vaccination. In addition, we could show that antigen-specific B cells can be targeted and activated by functionalized calcium phosphate nanoparticles. 168 Sahdev et al. reported about calcium phosphate nanoparticles for transcutaneous delivery of vaccines. They showed that nanoparticles coated with sugar and ovalbumin can strongly induce the production of antibodies. 169 Furthermore, an immunostimulatory effect of calcium phosphate was shown by He et al. 33, 165 Calcium phosphate nanoparticles can serve as vaccine delivery systems that allow the flexible dosage of adjuvants and antigens, which is important for the optimization of vaccines. Silica nanoparticles can be easily synthesized and functionalized by the covalent attachment to silanol groups on the surface. 75, 171 Especially suitable are mesoporous nanoparticles which can carry active biomolecules inside the pores and release them in a desired organ or tissue. 172, 173 In such pores, a protein antigen can be protected from degradation so that an oral administration is possible. 174, 175 Kim et al. developed an approach in which host immune cells are modulated in vivo by 3D scaffolds that spontaneously assemble from mesoporous silica rods. Such mesoporous silica rods were able to enhance systemic helper T cells (Th1 and Th2), serum antibodies and cytotoxic T-cells. 176 Nanoparticles can enter a cell by different mechanisms: By clathrin-or caveolin-mediated endocytosis, by unmediated endocytosis, by macropinocytosis and by phagocytosis, depending on the cell type and the nature of the nanoparticles. 73, 74, 164, [177] [178] [179] Foged et al. reported that particle size and surface charge play a significant role in the cellular uptake of nanoparticles in vitro. 180 Gutierro et al. showed that the immune response after subcutaneous, oral or intranasal administration of nanoparticles directly depends on the particle size. 181 Also, the shape of the nanoparticles seems to play a role. 182, 183 After the uptake, the nanoparticles typically are inside an endosome, which further merges with a lysosome, where the nanoparticles and their cargo are exposed to an acidic pH (4-5) and degrading enzymes (nucleases, proteases, lipases). Therefore, it is important to allow the endosomal escape of the cargo before the enzymatic degradation. This can be achieved for example by increasing the osmotic pressure inside of the lysosome by the influx of ions. The classical example is poly(ethyleneimine), which is well known as a cationic polyelectrolyte, which induces the influx of acid (the so-called proton sponge effect, leading to endosomal escape). 184 The size of nanoparticles can strongly affect their distribution, kinetics and intracellular processing pathways in vivo. 185 Manolova et al. showed that nanoparticles traffic to the draining lymph nodes in a size-dependent manner: Large particles (500-2000 nm) were mostly associated with dendritic cells in the site of injection and small nanoparticles (20-200 nm) were mostly found in lymph nodes-resident dendritic cells and macrophages. 186 It is also advantageous if the biomolecules are protected from degradation by the incorporation into the nanoparticles. 187 Another plus point for the application of nanoparticles for the vaccination is the fact that they can transport different biomolecules (e.g. adjuvants and antigens) in a defined concentration ratio at the same time in a specific cell. 167 This is favourable compared to the dissolved biomolecules alone, which are distributed in the tissue and in the bloodstream. Furthermore, it is possible to functionalize the nanoparticles on the surface with targeting molecules such as antibodies, peptides, aptamers, and polysaccharides, in order to address specific cells or organs. [188] [189] [190] [191] [192] Nanoparticles as antiviral vaccines can also integrate other attractive properties, such as slow release of active biomolecules and specific cell targeting. 193 The main problem in transportation and storage of vaccine is the risk of protein denaturation and degradation of the applied biomolecules, for example, by nucleases and proteases. In this regard, nanoparticles offer further possibilities. For example, the dehydration by freeze-drying 194 leads to storable products and to water-redispersible vaccines.
Conclusions
Nanoparticles are promising materials to carry immunoactive biomolecules for the induction of virus specific immune response. They have some advantages over traditional vaccines: The size of the nanoparticles can be controlled to allow the transport through biological barriers. Vaccine antigens can be protected inside nanoparticles from biodegradation. Different bioactive molecules can be incorporated into one nanoparticle. Nanoparticles can be functionalized on the surface with specific biomolecules to address targeted cells and release antigens.
Vaccines on the basis of nanoparticles are therefore a flexible system in order to induce specific immune responses and activate both paths of the immunological memory.
